Due to the strong nonlinearity and the uncertainty of the vehicle, accurate path tracking control becomes a challenge. This paper proposes a path tracking control strategy that can simultaneously consider the dynamic characteristics of tracking performance and system constraints. The control strategy is based on moving horizon sliding mode control (MHSMC), in which the sliding mode surface is used to construct the prediction model, and the effects of parameter perturbation and external disturbance are eliminated through feedback correction and rolling optimization, then the prediction results of the model output are corrected so as to make sure optimal performance control under system constraints. The MHSMC combines the advantages of sliding mode control and moving horizon control, effectively improving the dynamic performance and robustness of the system. The simulation results of typical conditions show that the control strategy proposed in this paper can make the vehicle track the reference path well and has strong robustness.
Introduction
The path tracking control is studying how to control the vehicle's steering system so that the vehicle can track the desired path under the premise of ensuring driving safety and ride comfort. It is a key technology for the realization of unmanned vehicles. Due to the strong nonlinearity of the vehicle, the uncertainty of the model parameters, and the vulnerability to external disturbances, accurate path tracking control becomes a challenge.
At present, the control methods commonly used for intelligent vehicle path tracking control include three types: (1) Classical PID control method. For example, the literatures [1] [2] adopts an adaptive PID algorithm to establish a driver-vehicle path tracking model. Experiments show that the model is robust to different road conditions. (2) Non-linear control method represented by sliding mode control (SMC); literatures [3] [4] [5] adopt SMC to design trajectory tracking controller, and the simulation results show that SMC not only can track the target trajectory but also can take into account the stability of the vehicle. (3) Optimized control method represented by moving horizon control (MHC). The literatures [6] [7] [8] take vehicle dynamics into consideration and uses MHC to implement the vehicle's path following control. The simulation results show that the vehicle can follow the desired path while improving vehicle stability.
Because the traditional nonlinear control algorithm is difficult to consider system constraints, and the traditional optimization control algorithm is difficult to directly control the dynamic characteristics of the system tracking error, here we combine the advantages of the two control methods and propose a path tracking control strategy based on moving horizon sliding control (MHSMC). MHSMC uses the sliding mode surface to construct the prediction model, and eliminates the effects of parameter perturbation and external disturbance through feedback correction and rolling optimization, then the prediction results of the model output are corrected so as to make sure optimal performance control under system constraints. The control strategy can directly consider the system state and performance constraints during the control algorithm design process, and can simplify the selection of control algorithm parameters.
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Path tracking model
The steering characteristics of the linear two-degreeof-freedom (2-DOF) vehicle model are ideal. In order to simplify the control model as much as possible, here we design a path tracking controller based on the 2-DOF vehicle model. Figure 1 , here we assume that the vehicle's longitudinal velocity remains the same. The coordinate system oxy represents the plane fixed to the vehicle body, the center of the vehicle is the coordinate origin o, the x axis is along the longitudinal axis of the vehicle, the y axis is perpendicular to the longitudinal axis of the vehicle, the coordinate system OXY is the inertial coordinate system fixed to the ground. The 2-DOF vehicle model can be expressed as follows: 
Where Y is the lateral displacements of the vehicle, φ is the yaw angle of the vehicle, vx and vy are the longitudinal and lateral speed of the vehicle, wr is the yaw rate of the vehicle, m is the mass of the vehicle, Fyf and Fyf are the lateral forces of the front and rear axles of the vehicle, Lf and Lr are the distance from the front and rear axles to the center of the vehicle and Iz is the yaw moment of inertia.
Based on the small angle assumption, the front and rear tire lateral forces can be linearized as follows:
Where Cf and Cr are the equivalent lateral stiffness of the front and rear axle, δf is the front wheel angle, af and ar are the sideslip angle of the front and rear wheel. Substituting (2) into (1), the vehicle path tracking model is obtained as follow：
MHSMC controller design
The basic idea of MHSMC is to use switching function of SMC to construct a predictive model, and use current and past sliding surface information to predict future sliding surface, through the feedback correction to realize the rolling optimization of the performance index, obtain the real-time optimal solution [8-10].
Controller design
Consider a discrete-time system:
Where x(k) is the system state vector, u(k) is the system input vector, y(k) is the system output vector, A,B,C,f are the system matrix.
Design the system's sliding surface, to simplify the definition of the sliding surface; a differential operator
is the error between the actual output of the system and the target output. D(ε(k)) is the d-order differential equation for the system output tracking error, can be expressed as follows
 are the controller parameters, d is the order of the differential equation.
As with conventional sliding mode control, the differential equation D(ε(k)) needs to satisfy: for the designed sliding surface, ε(k)=0 is the system global asymptotic stable point, that is:
In order to solve the stability problem caused by the system constraints, a vector S(k+1) containing the system's future N-step sliding mode variables is defined as follow: 
Bringing the system state equation (4) into equation (6) , the value of the sliding mode variable s(k) can be expressed as follows:
Based on the above variables, the moving horizon sliding mode control optimization problem can be defined. At the sampling time k, the system state sequence Xk * and input sequence Uk * which containing the next N steps can be obtained by solving the optimization problem. The MHSMC optimization problem can be defined as follows: ( 1) ( ( 1)), ,...,
where г is a diagonal matrix and is used to balance the weight ratio of each output sliding mode surface in the optimization function. The values of the diagonal elements г can be adjusted according to actual needs.
Path tracking control
Since the control algorithm design needs to be based on discrete dynamic equations, the Euler discrete method is used here to discretize the system (3). Since the output-input relative order of the vehicle lateral displacement Y is 2, then let d=1, the following firstorder sliding surface is designed:
Similarly, because the output-input relative order of the yaw angle φ is 2, the first-order sliding surface is designed as follows:
Based on equations (13) and (14), the following MHSMC optimization problems are defined as follow: ( 1) ( ( 1)) ,..., 1,
are the optimization variables that need to be solved. The optimized objective function ensures that the tracking errors of the vehicle's target lateral position and yaw angle are minimized. δf(i) is the vehicle front wheel angle. The matrix г is a weight matrix used to balance the weights of the lateral displacement and yaw angle tracking error. Here we take the constraints of the maximum front wheel angle of the steering system and the rate of change of the front wheel angle speed into account.
Simulation Results And Discussion
In order to verify the effectiveness of the proposed MHSMC algorithm, we use CarSim and Matlab/Simulink to simulate typical double lane change conditions. Here we choose CarSim C-Class Hatchback 2017 as control object and set δmax=25 deg, δmax=0.85 deg. The trajectory of double-lane-change we use here refers [11] .
Robustness of controller to the road surface adhesion conditions
In this simulation condition, the controller robustness to the different road adhesion is analyzed. The road surface adhesion coefficient are μ=0.85 and μ=0.4. The longitudinal speed of the vehicle is set at 60 km/h. , it can be seen that the controller make the vehicle track the reference path well under different adhesion conditions, and the tracking error of the vehicle is smaller when the adhesion conditions are good. As shown in Figure 2 (b) , when the road adhesion conditions are poor, the ground cannot provide sufficient lateral force and the yaw angle is greatly deviated from the reference, but the controller can correct the deviation in time and eventually converge the deviation to zero. From the Figure 2(c) , it can be seen that the values of the front wheel angles are always within the constraints of the system. When the road surface adhesion condition is poor, the vehicle needs a larger control output to compensate for the deviation caused by sideslip angle to ensure that the vehicle can track the reference path well. From Figure  2(d) , it can be seen that the sideslip angle is below the limit range, indicating that the vehicle tracking process is smooth. In summary, the controller can track the reference path well under different road adhesion conditions and has good stability.
Robustness of controller to the vehicle speed
In this simulation condition, the controller robustness to different vehicle speeds is analyzed. The simulation speeds are 30 km/h, 60 km/h and 90 km/h, respectively, and the road adhesion conditions is μ = 0.8. Figure. 3. From Figure 3 (a) and (b), it can be seen that, vehicles with different speeds have good path-tracking performance. The smaller the vehicle speed, the smaller the vehicle's path-tracking error. From the Figure 2(c) , it can be seen that the front wheel angles are always within the constraints of the system, as the vehicle speed increases, the control volume generally increases. This is mainly due to the increase of sideslip angle as the vehicle speed increases. The control system needs a larger amount of control volume to compensate for the path deviation caused by sideslip angle. From Figure  3(d) , it can be seen that the sideslip angles are below 4 deg, indicating that the vehicle is very smooth during the path-tracking process. In summary, the controller can track the reference path well at different vehicle speeds.
Conclusion
In this paper, a novel path tracking control strategy which is based on MHSMC scheme is presented. We use the sliding mode surface to construct the prediction model, through constant feedback correction and rolling optimization, the optimal output satisfying system constraints and control performance requirements is obtained. The MHSMC system has the advantages of MHC and SMC, it can not only solve the problem of system constraints, but also improve the system's robustness and response characteristics. The simulation results show that MHSMC can ensure that the vehicle track the reference path well, and has strong robustness.
